Purpose: Better methods are needed to assess patients presenting with symptoms suggestive of obstructive coronary artery disease (CAD). We hypothesized that the use of a gene expression score (GES) would lead to a change in the diagnostic evaluation.
termine the likelihood of obstructive CAD and the clinical need to refer for additional testing. The pretest likelihood of CAD in symptomatic patients, as defined by scoring systems such as the Diamond/ Forrester classification and coronary angiographic scoring system data, have been developed and validated to help clinicians estimate the probability of CAD based on symptoms, age, and sex. 5, 6 Yet physician assessments and test results often fail to establish the cause of the patient's symptoms as well as exclude obstructive CAD. 7 Despite a thorough and potentially expensive workup, only 10% of chest pain cases evaluated by physicians ultimately result in a diagnosis of obstructive CAD. 8 -11 In a recently published registry of more than 14,000 patients, the pretest probability of CAD based on clinical factors in patients referred for advanced cardiovascular imaging overestimated the actual presence of disease by 57% in patients with typical angina and 32% in patients with atypical angina. 12 Furthermore, results of a recent study showed abnormal findings on MPI in Ͻ10% of patients referred for further workup of suspected obstructive CAD. 13 As a consequence of this diagnostic uncertainty, the evaluation of CAD remains highly variable. Challenges with adherence to and interpretation of clinical guidelines lead to both overutilization and underutilization of imaging. 14 -17 This finding poses an enormous economic burden on the health care system, leading to approximately $6.7 billion in noninvasive and invasive testing costs for nondiabetic patients with no prior revascularization or myocardial infarction initially evaluated in the primary care or cardiology setting. 18 -22 Furthermore, the additional risks associated with subsequent diagnostic testing include exposure to radiation, contrast-induced anaphylaxis, and acute kidney injury. [23] [24] [25] Better methods are needed to more accurately assess the likelihood of obstructive CAD among stable patients presenting to primary care clinicians in an outpatient setting. This unmet need is especially relevant for patients with low to intermediate pretest probability of disease, such as women and patients who present with atypical symptoms. The recent development of a genomic-based, personalized medicine test measuring expression levels of 23 genes in white blood cells may offer a solution for this diagnostic dilemma. 26 In the prospective, multicenter, blinded PREDICT and COMPASS validation studies, a low gene expression score (GES) (Յ15) had a negative predictive value and sensitivity of 83% and 85% (PREDICT) and 96% and 89% (COMPASS), respectively, for excluding the diagnosis of obstructive CAD among patients referred for further invasive and noninvasive cardiovascular testing. 27, 28 We hypothesized that GES results would reduce diagnostic uncertainty in the evaluation of stable patients presenting in the primary care setting with symptoms suggestive of obstructive CAD and lead to a change in the medical decision making, including the need to refer for further cardiac testing.
Methods

Setting and Participants
The study group included 261 stable, nonacute, nondiabetic patients who presented to primary care clinicians for the evaluation of suspected obstructive CAD and underwent GES testing from April 2012 to January 2013. The study sites included 9 clinicians at 4 community-based primary care practices in Suwanee, Georgia (site 1); Weddington, North Carolina (site 2); Baton Rouge, Louisiana (site 3); and Bonham, Texas (site 4). With respect to the demographics of the primary care clinicians, there were 5 physicians (average experience, 23 years; range, 13-35 years) and 4 nonphysicians (2 nurse practitioners and 2 physician assistants; average experience, 14 years; range, 12-16 years). Primary care physicians, nurse practitioners, and physician assistants at these primary care practices were educated and trained in the use and interpretation of the GES through a standardized in-service program. This training comprised ϳ5 hours and included all the appropriate personnel in the clinicians' office: nurse, phlebotomist, office manager, and others as appropriate. In addition, there was an additional 1 hour of training about the research protocol for this trial. The GES test is intended for patients with a history of chest pain, with suspected anginal equivalents to chest pain, or with a high risk of CAD. Patients experiencing acute coronary syndrome (ie, myocardial infarction or unstable angina) or patients who require urgent evaluation are not appropriate patients for the GES test. The GES is not intended for use in patients with diabetes, systemic infectious or systemic inflammatory conditions, or who are currently taking steroids, immunosuppressive agents, or chemotherapeutic agents. Patients were eligible for this study if they met the GESs' intended use criteria and had symptoms equivalent to chest pain or angina. Clinicians were allowed to incorporate GES testing at their own discretion as part of their clinical decisionmaking processes.
Description of the GES
The GES (Corus CAD; CardioDx, Inc., Palo Alto, CA) was calculated by a commercially available, Medicare-covered, validated, quantitative diagnostic test that measures expression levels of 23 genes in 6 terms by quantitative reverse transcriptase polymerase chain reaction from a peripheral blood sample to determine a patient's likelihood of obstructive CAD (one or more coronary arteries with Ն50% angiographic stenosis, as determined by quantitative coronary angiography or core-lab computed tomography/angiography). 27, 28 Whereas genetic testing provides a prediction of lifetime disease risk, the genomic-based GES test provides an assessment of the current state of obstructive CAD by measuring gene expression changes associated with atherosclerosis. The GES algorithm comprises expression values for 23 genes from peripheral blood cells in 6 terms, patient age, and sex. Each term is composed of ratios of highly correlated genes representing a diverse set of inflammatory cell biology, including neutrophil apoptosis, neutrophil-to-lymphocyte ratio, and natural killer cell activation. These genes are selectively expressed in multiple types of circulating cells, including neutrophils (eg, caspase-5 and S100A12), natural killer cells (SLAMF7 and KLRC4), as well as B and T lymphocytes. These cells play supporting roles for both adaptive and innate immune responses in atherosclerosis. Furthermore, there are both sex-specific and common algorithm terms with sex-specific weights.
The changes in gene expression are quantified using an algorithm that generates a GES ranging from 1 to 40. A score Ͻ15 indicates a low risk of underlying obstructive coronary disease. 28 The GES has been shown to have a negative predictive value of 96% for GES Յ15 in a population referred to MPI.
Study Design
In this prospective trial (Investigation of a Molecular Personalized Coronary Gene Expression Test on Primary Care Practice Pattern, clinical trial identifier NCT01594411), the primary care clinicians initially determined patients' pretest probability for CAD based on risk factors, assessment of clinical symptoms, and results of any prior electrocardiographic stress testing. In parallel with the clinicians' pretest probability assessment, the Diamond-Forrester questionnaire was administered to evaluate the quality of the patients' anginal symptoms. Symptoms were classified as typical angina, atypical angina, or noncardiac pain based on the presence of one or more typical symptoms-substernal chest discomfort, aggravation upon exertion, and alleviation with rest-as well as atypical symptoms such as heartburn, palpitations, malaise, and fatigue. 29 A clinical report form captured the clinicians' preliminary clinical assessments and impressions ("preliminary decision"), including recommendations for further evaluation and management of the patient. Peripheral blood samples were collected simultaneously in the outpatient setting into a vial of RNA preservation fluid (PAXgene RNA Blood Tubes; PreAnalytix, Valencia, CA) according to the manufacturer's instructions and shipped to a single clinical laboratory certified by the Clinical laboratory Improvement Amendments and accredited by the College of American Pathology laboratory (CardioDx, Inc., Palo Alto, CA; College of American Pathology laboratory no. 8646908), which reported the GES to the primary care provider within 2 to 3 days, on average. After receiving the GES, the physicians completed the clinical report form by entering the final clinical assessment and impression ("final decision"), using the GES results to support or modify the initial clinical decision.
The primary objective of the study was to assess whether the use of the GES altered the clinicians' evaluations, as defined by a change in patient management between the preliminary and final decision. This change was prospectively defined as either a downgrade or upgrade in the intensity of the diagnostic plan based on the following categories (in hierarchical order): (1) no further cardiac testing or treatment, (2) lifestyle changes or medical therapy, (3) stress testing (with or without imaging) or computed tomography/coronary angiography, or (4) invasive coronary angiography. Secondary analyses assessed the patterns of change (decrease or increase in diagnostic intensity) for each patient. To assess the effects of changing the diagnostic approach, as well as the effect these changes had on patient outcomes, for each enrolled patient we conducted a follow-up phone call or chart review at least 30 days after the GES testing. We collected information during the follow-up assessment to determine whether the final diagnostic plan was followed, which cardiac diagnostic tests and procedures were performed, and the results of these tests and procedures. Major adverse cardiac event data also were recorded over the ensuing 30 days.
The local hospital institutional review board or central institutional review board (Quorom, Inc.) approved the study, and all patients submitted written informed consent. Prespecified data, including demographics, clinical risk factors, symptoms, medical history, medications, prior testing results, and GES results, were obtained by research study coordinators using standardized data collection methods. Data were verified by independent study monitors.
Statistical Analysis
For the analysis of the primary end point, changes in the management plan between the patients' preliminary and final evaluations were reviewed. The proportion of patients whose preliminary and final treatment decision differed was compared using a one-sided binomial test to 10%, which is the minimum amount believed to be clinically relevant.
To assess whether there was a trend toward decreased or increased treatment intensity, treatments before and after GES were ranked by their intensity (1 ϭ no further cardiac testing or treatment; 2 ϭ lifestyle changes or medical therapy for angina or noncardiac chest pain; 3 ϭ stress testing with or without imaging or computed tomography/ coronary angiography; 4 ϭ invasive cardiac catheterization). The counts of patients whose testing plans were decreased or increased in intensity were compared using a sign test (exact 2-sided binomial) to determine whether the frequency of increased management plans was equal to those that were decreased. Treatment plans before and after GES were tested for independence from the GES using exact tests of association.
Standard statistical methods were used for all comparisons, with an ␣ level of 0.05. 30 All analyses were performed using R software version 2.15 (including rms and reshape2 packages; available at http://www.r-project.org/). In cases where patient records were incomplete, missing data frequencies were estimated and reported, with calculations based on nonmissing values.
Results
The study enrolled 261 consecutive stable, nonacute, nondiabetic patients presenting with typical and atypical symptoms of obstructive CAD; 251 patients were eligible for primary end point analysis. Among the 10 patients who were excluded, 7 had GES exclusionary criteria (chronic inflammatory disease or diabetes) and 3 provided additional diagnostic information to the clinician after the GES blood draw (Figure 1) . The study cohort (Table 1) included 140 women (56%); the cohort had an overall mean age 56 Ϯ 13 years and a mean BMI of 30 Ϯ 6.7 kg/m 2 . The mean GES was 16 Ϯ 10 (range, 1-38); 127 patients (51%) had a low GES (Յ15).
Among the 251 patients, 154 (61%) presented with chest pain and were classified using the Diamond-Forrester questionnaire as having typical angina (n ϭ 31), atypical angina (n ϭ 67), and noncardiac chest pain (n ϭ 56). Another 50 patients (20%) presented with shortness of breath, while the remaining 47 patients (19%) presented with atypical symptoms such as malaise/fatigue and dizziness. The average pretest probability of obstructive CAD as determined by the primary care clinician was 28 Ϯ 17%. Hypertension and dyslipidemia were present in 48% (n ϭ 120) and 59% (n ϭ 147) of patients, respectively.
The primary outcome demonstrated a change in the diagnostic plan (ie, change between the preliminary and final decision) following GES testing in 58% of patients (n ϭ 145; P Ͻ .001, lower bound 52%). The change rates were similar (56% and 63%; P ϭ nonsignificant) among physicians and nonphysicians, respectively. Of the 145 patients who had a change in diagnostic plan, 57% (n ϭ 83) were female. In the preplanned secondary analyses, more patients showed a reduction (n ϭ 93) than an increase (n ϭ 52) in intensity of testing (P Ͻ .001). Specifically, 82% of patients with decreased testing (76 of 93) had a low GES, whereas 94% of patients with increased testing (49 of 52) had an elevated GES (P Ͻ .001). The greatest change in testing intensity was seen among patients with a low GES: 60% of patients (76 of 127) had reduced testing, and the majority of the remaining patients with a low GES (48 of 127) had no change in testing (Table 2) . Among the 53 patients assigned to stress testing before GES and who subsequently were determined to have a low GES, only 5 patients (9%) were referred for stress testing after GES (Figure 2) . A similar directional trend around change in diagnostic testing was seen among patients with an elevated GES. Of the 65 patients assigned to stress testing before GES, all were determined to have an elevated GES. An additional 34 patients with an elevated GES were assigned to stress testing after GES.
Of the 247 patients with at least 30 days of follow-up, 1 (0.4%) had a major adverse cardiovascular event (hemorrhagic stroke in a patient with a low GES 5 days after GES testing, judged by the clinician investigator to be not related to the study protocol). Comparing the completed diagnostic testing with the final treatment plan decision demonstrated high clinician compliance with the patient care decision after the GES. The analysis showed an 85% agreement rate (209 of 247 patients) between the 2 scenarios.
Discussion
Our study demonstrated the clinical utility of the GES among patients presenting to the primary care Figure 1. Patient screening, enrollment, and follow-up flowchart. CAD, coronary artery disease; GES, clinician with typical and atypical symptoms suggestive of obstructive CAD. The GES was associated with a statistically significant and clinically relevant change in the diagnostic workup in 58% of patients. We observed that the GES was associated with a decrease in intensity of testing in 60% (76 of 127) of patients with a low GES. These findings address a major issue in the nexus of primary care: the clinically challenging diagnosis and management of obstructive CAD-a dilemma that is faced by primary care physicians on almost a daily basis. 31 We note 3 areas of added interest in these findings. First, primary care clinicians successfully incorporated the use of this genomic-based, personalized medicine gene expression test into the office setting with a minimal amount of training. Clinicians in the trial noted that the 2-to 3-day turnaround time for the GES was sufficient to allow them to make informed clinical decisions for patient care. Utilization of the GES allowed physicians to reclassify patients for subsequent testing, improving on usual care while potentially reducing patient exposure to ionizing radiation. These results were similar to those seen in another study of 83 prospective patients with chest pain and related symptoms referred to cardiology for workup. 32 In that study, a change in diagnostic testing occurred in 58% of patients (n ϭ 48; P Ͻ .001) following GES testing. Of note, 91% (29 of 32) of patients with decreased testing in the cardiology office had low GES (Յ15), whereas 100% (16 of 16) of patients with increased testing had an elevated GES (P Ͻ .001).
Second, the before/after study design allowed the patient to act as his or her own control when comparing the 2 decisions, adding a robust quality to the change elicited in the diagnostic plan as a result of GES testing. For comparison, a recent study demonstrated that the incorporation of an N-terminal prohormone of brain natriuretic peptide level in a diagnostic prediction model for acute heart failure resulted in reclassification of 44% of patients to either low-or high-probability categories. 33 Other molecular diagnostic tests, most commonly in oncology, have noted similar success. In a study focusing on optimizing breast cancer treatment, results from a 21-gene recurrence score assay led medical oncologists to change the treatment recommendation for 31% of patients. 34 Another analysis evaluating the diagnosis and management of patients with metastatic cancer of unknown origin showed that physicians changed their primary working diagnosis for 50% of patients (95% confidence interval, 43-58%) after results from a 2000-gene expression profiling test. 35 Third, use of this office-based GES test was not associated with untoward outcomes within the first 30 days of followup: only a 0.4% rate of major adverse cardiovascular events was detected.
Clinician-driven directional changes in diagnostic testing intensity, associated with both low as well as elevated GESs, were noteworthy in this study. We found that 82% of patients (76 of 93) with decreased intensity of testing had a low GES, whereas 94% of patients (49 of 52) with increased intensity of testing had an elevated GES. These clinical decisions are supported by the COMPASS study, which demonstrated a 96% negative predictive value for patients with a low GES undergoing evaluation for obstructive CAD and a lack of untoward outcomes among this group during 6 months of follow-up. 28 This level of diagnostic accuracy allows physicians to quickly, efficiently, and safely rule out cardiac causes among patients with a low GES and focus their workup on noncardiac causes of the patients' presenting symptoms. For patients with an elevated GES, the workup is more complex and suggests that the traditional referral pattern for additional cardiac evaluation and imaging may be more appropriate.
There were several limitations to the design and conduct of this study. First, the GES test is not intended for use in patients with known obstructive CAD or in patients with diabetes or systemic inflammatory diseases. Diabetic patients are at high risk of having underlying disease and thus are less likely to derive benefit from a "rule out" test. While the exclusion of patients with diabetes may limit the patient population indicated for the test, the population eligible for GES testing includes more than 3 million patients per year who present to primary care practices in the United States for evaluation of symptoms suggestive of obstructive CAD. 1 Second, the sample size was modest, with 251 patients evaluated in this prospective before/after GES cohort. Despite this modest size, the results were statistically significant in showing the incremental contribution of GES to clinical decision making. Third, since the primary objective of the study was to assess whether the use of the GES altered the clinicians' evaluations, we did not power the study to examine the association of the GES results with outcomes of further diagnostic testing. However, the 11% rate (6 of 56 patients) of positive stress tests in the patient cohort with an elevated GES is higher than the recently published figures from the large survey reported by Rozanski et al, 13 which showed an 8% overall positive rate on MPI testing. Furthermore, only 1 patient in our trial went on for invasive cardiac angiography; this patient was in the elevated GES cohort and was found to have significant obstructive CAD. These last 2 findings are consistent with the confirmed ability of the GES to identify not only the likelihood of obstructive CAD but also the burden of the disease. 36 Fourth, while clinical outcomes were monitored for at least 30 days, it may be possible that adverse cardiac events occurred after this follow-up period. Previous evaluation of patients from the COMPASS and PREDICT validity studies have shown a very low rate of major adverse cardiovascular events over 6 and 12 months followup, respectively, among patients with low GES. 28, 37 In addition, in 2 clinical utility studies with GESdirected care involving 399 patients followed for a minimum of 6 months, only 1 patient (with an elevated GES) had a major adverse cardiovascular event. 38 By comparison, several studies have shown adverse events associated with the use of contrast dye and radiation exposure from advanced noninvasive and invasive cardiac testing, including complications such as nausea and vomiting in 15% of patients and major adverse cardiovascular events in up to 1% of patients. 23-25,39 -41 Use of the GES to appropriately exclude the presence of obstructive CAD in these low-to intermediate-risk patients may help prevent these adverse events from cardiac imaging.
Conclusions
In the PREDICT and COMPASS trials, the noninvasive, genomic-based, personalized medicine test providing a GES was shown to have clinical validity in the assessment of obstructive CAD. Our study demonstrates the clinical utility of the GES test in the primary care setting. The use of the GES by primary care clinicians as part of the diagnostic workup may influence the clinical management of patients through improved risk stratification. By quickly, efficiently, and safely ruling out significant cardiac causes, the diagnostic focus may turn toward noncardiac causes of patients' presenting symptoms. Given current initiatives concentrating on eliminating inefficiencies in clinical care and improving the quality of patient care, the GES may represent a dynamic step forward for the daily dilemma primary care physicians face when evaluating stable, nonacute patients, especially women and those at low to intermediate risk who present with chest pain and related symptoms.
